NiAl containing 10 vol.% or 30 vol.% of molybdenum or tungsten was fabricated by hot isostatic pressing at 1000 "C or 1200 "C of powders synthesized by reactive mechanical alloying. The NiAl matrix exhibits sub-micron grains pinned by discrete refractory dispersoids with an average size between 55 nm and 110 nm. The two phases have negligible mutual solubility at room temperature, and the dispersoids exhibit only slight coarsening at the highest consolidation temperature. Dispersion-strengthening by the refractory second phase, measured by hardness indentation, is observed both at room temperature and at elevated temperature up to 700 "C, and increases with increasing volume fraction and decreasing size of the dispersoids. The oxidation resistance at 900 "C of NiAl containing 10 vol.% refractory-metal dispersoids is similar to that of unalloyed NiAl, indicating that the alumina scale protects the discontinuous refractory-metal dispersion within the NiAl matrix.
Introduction
Stoichiometric NiAl exhibits a eutectic with many transition metals: vanadium, chromium, molybdenum, tungsten and rhenium [l-5] . The fine fibers or plates formed during directional solidification of these pseudo-binary systems lead to both strengthening and ductile-phase toughening [6-81. These in-situ composites however suffer from weaknesses common to all directionally solidified eutectics [9] , i.e. strong anisotropy of properties, slow fabrication rate (since the solidification must take place in a steep temperature gradient) and lack of flexibility for the volume fraction of reinforcement (since the composition of the melt must be near the eutectic composition of 10 at.% MO and 1.4 at.% W, respectively [3, 4] ). Furthermore, since refractory-metal fibers form a continuous path into the materials, their oxidation is of concern at elevated temperatures.
The above issues can be resolved by incorporating discontinuous refractory-metal particulates in the NiAl matrix, e.g. by rapid solidification of the melt [lo] or hot compaction of pre-alloyed NiAl and refractory-metal powders [ 111. While the strength of these discontinuously reinforced composites is expected to be lower than that of NiAl reinforced with continuous fibers, they exhibit a creep rate at 1027 "C which is lower by two to three orders of magnitude than that of monolithic NiAl [ 111. However, due to the large interparticle distance in these composites, the dominant mechanism is composite strengthening, which can be limited at temperatures where the matrix creeps readily [ 12,131, rather than dispersion strengthening, which can be very effective at these temperatures [ 14,151. Mechanical alloying is a process by which a fine dispersion of insoluble particles can be formed in a matrix [ 16,171. In a previous article [ 181, referred to in what follows as Part 1, we described the synthesis of powders of NiAl containing a sub-micron dispersion of molybdenum or tungsten by reactive mechanical alloying of elemental or intermetallic powders. In the present paper (Part 2), we report on the microstructure, hardness and oxidation behavior of the dispersion-strengthened materials formed by of these mechanically alloyed powders. hot compaction 0921-5093/95/$9.50 0 1995 -Elsevier Science S.A. All rights reserved S.SL)I 0921-5093(94)03235-l T. Takahashi, D.C. Dunand / Materials Science and Engineering A1921193 (199.5) 195-203 
Experimental procedures
Powders consisting of a NiAl matrix with a metal refractory dispersion were synthesized by reactive mechanical alloying for 20 h, as described in Part 1. Five compositions were examined: NiAl, NiAl-1 Ovol.%Mo, NiAl-30vol.%Mo, NiAl-1 Ovol.%W and NiAl-30vol.%W (Table l) , referred to in what follows as NiAl, NiAl-lOMo, NiAl-30M0, NiAl-1OW and NiAl-30W, respectively. Metallic powders were purchased from Mitsuwata Chemical Co.: 99.5%-pure aluminum with average size 150 ym, 99.9%-pure nickel with average size 5.5 pm, 99.9%-pure molybdenum with average size 2.3 ,um, and 99%-pure tungsten with about the same average size. Before use, the nickel, molybdenum and tungsten were annealed for 1 h in hydrogen at 500 "C, 700°C and 9OO"C, respectively, to reduce any oxide present at the surface of the powders. Scanning electron microscope images show that the nickel powder surface has a spiky appearance, while that of the other powders is smooth. For the powders produced by the intermetallic route described in Part 1 -whereby the intermetallic precursor NiMo is first synthesized by hydrogen reduction, before being mechanically alloyed to metal powders to form NiAl containing a molybdenum dispersion -the oxide powders were purchased from Wako Pure Chemical Industries Co.: SEM images indicate that NiO is in the form of 5-pm equiaxed particles and 99.5%-pure MOO, is in the form of platelets, about 4 pm in length and 1 pm thick. In what follows, we refer to all samples mechanically alloyed by the metal route without further labeling, but specifically mention the intermetallic route for the appropriate samples.
After 20 h of mechanical alloying, the powders were annealed for 1 h at 1000 "C under vacuum and subsequently densified by Hot Isostatic Pressing (HIP) for 1 h at 1000 "C or 1200 "C under a pressure of 200 MPa. Thin foils of the HIPed specimens were prepared by ion-milling and examined by transmission electron microscopy (TEM) with a JEOL Model 2000 FX at a voltage of 200 kV. Room-temperature micro-Vickers hardness measurements were performed on HIPed samples with a diamond indenter under a load of 100 gf. Micro-Vickers hardness at elevated temperature was measured with a sapphire indenter under a load of 200 gf in vacuum. Finally, cuboid specimens were cut from HIPed samples and subjected to isothermal oxidation at 900 "C with dry air flowing at a rate of 10 1 hh ' in a Seiko thermogravimeter (Model TG-DTA 320). (1995) 195-203 197 1000 "C ( Fig. 2 ). On the other hand, NiAl-10Mo processed by the intermetallic route ( Fig. 5 ) displays smaller. dispersoids than when processed by the metal route ( Fig. 2 ). Figs. 6 and 7 show the structure of NiAl-1OW after HIPing at 1000 "C and 1200 "C, respectively. Grain size and dispersoid size for some of the samples containing 10 vol.% refractory metal are listed in Table 2 . Fig. 8 corresponds to NiAl-30W after HIPing at 1000 "C. In Fig. 9 , the room-temperature hardness is plotted as a function of the dispersoid content for different HIPing temperature: hardness increases with increasing dispersoid content and decreasing HIPing temperature. One data point for NiAl-1OMo is given for a sample from powders prepared by the oxide route and HIPed at 1200 "C, which exhibits a higher hardness ( Hv = 4 14) than the corresponding sample prepared by the metal route (H, = 388).
Results
Figs. lO( a) and 10(b) show hardness as a function of temperature for the molybdenum-and tungstencontaining samples, respectively. The dispersionstrengthened samples show markedly higher hardness than the dispersion-free metals up to 700 "C.
The thermogravimetric curves for samples NiAl, NiAl-1 OMo and NiAl-1OW are plotted in Fig. 11 , and show a parabolic mass gain as a result of oxidation. The presence of refractory metal in NiAl does not significantly alter the oxidation kinetics. Fig. 1 for NiAl without refractory shows that the material has a fine grain structure, with some grains about 0.5 ym in diameter. Much larger grains spanning the field of view were also observed, thus preventing determination of the average grain size from TEM images. Since the material was HIPed at 1000 "C, a temperature at which grain growth is expected, the presence of sub-micron grains can only be explained by a fine dispersion pinning the grain boundaries. A few small dispersoids are indeed visible in Fig. 1 , and are most probably alumina resulting from contamination during the mechanical alloying step. Roomtemperature hardness (H,= 366) is however close to that measured on a large NiAl powder particle fabricated by melt solidification (If, = 348), indicating that the oxide content is not sufficient to induce significant Orowan strengthening.
Discussion

I. Microstructure
Electron diffraction of a dispersoid about 90 nm in size, extracted from sample NiAl-10M0, showed the lattice spacing of pure molybdenum. This was confirmed by X-ray diffraction of the dispersoid, which exhibited the main molybdenum peak but none of the peaks corresponding to nickel or aluminum. Conversely, the matrix showed aluminum and nickel peaks but no molybdenum peaks. The first observation is in agreement with Subramanian et al. [ 191, who measured very low values for the solubility of molybdenum in NiAl (0.1 f 0.1 at.%) for directionally solidified samples annealed between 1200 "C and 1500 "C. However, they reported up to 18 at.% nickel and aluminum within the molybdenum phase, in disagreement with both our findings and those of Ref. [3] , giving a solubility of 1 at.% Al and 1.5 at.% Ni in molybdenum at 1600°C. The same experiment was performed on an extracted tungsten dispersoid from sample NiAl-lOW, leading to similar results, i.e. the two phases show no measurable mutual solubility. This is in agreement with Nash [20] who reported a value of about 0.2 at.% for the solubility of tungsten in NiAl, and with Locci et al. [lo] , who found tungsten precipitates in rapidly solidified NiAl-O.Sat.%W.
As shown in Fig. 2 , NiAl-1OMo consists of a matrix with grain size D = 370 nm, containing well-dispersed, equiaxed molybdenum dispersoids with average diameter d= 90 nm. These observations are in agreement with those of Hwang et al. [2 11 , who used reactive mechanical alloying in an attritor mill to synthesize NiAl from elemental powders with additions of 5 at.% MO, 2.7 at.% Ti and 2.6 at.% 0. After extrusion at 1127 "C, they observed a microstructure consisting of fine-grained NiAl containing both oxide particles and molybdenum dispersoids with sizes between 10 run and 100 nm, mostly located at NiAl grain boundaries.
Figs. 2-5 also show that the larger molybdenum dispersoids are typically located at NiAl gram boundaries, and that these dispersoids exhibit cusps at the intersection with the grain boundaries, indicating that the inter-facial energy is an important contribution to the equilibrium shape of the particles. Molybdenum dispersoids less than the average size are typically located within grains and have near-spherical shape. Both shapes indicate that some diffusion took place during the high-temperature treatment, since mechanically alloyed molybdenum dispersoids show flattened shapes, as reported in Part 1.
Sample NiAl-30 MO (Fig. 3) exhibits dispersoids with a similar size as for sample NiAl-10 MO; however, dispersoid overlap prevented the quantitative determination of the dispersoid size and grain size. Some agglomeration of the dispersoid is also visible in Fig. 3 , since the percolation limit is exceeded.
Sample NiAI-10M0, which was HIPed at 1200 "C, Fig. 4, exhibits a larger average dispersoid size (d = 110 nm) than the equivalent sample HIPed at 1000 "C (d = 90 nm), Fig. 2 . Coarsening is however modest, as a result of the low solubility of molybdenum in NiAl reported above. This observation is in agreement with Subramanian et al. [ 191,  who found that molybdenum fibers in a directionally solidified NiAl-MO composite coarsened slowly at 1200 "C. However, the latter material is expected to have significantly coarser grains than the mechanically alloyed materials in the present study, for which accelerated coarsening by grainboundary diffusion may possibly take place. Fig. 5 illustrates that the dispersoid size (d = 60 nm) for NiAl-1OMo produced by the intermetallic route and HIPed at 1000 "C is significantly smaller than for the equivalent sample produced by the metal route (d = 90 run): this is expected, since, as shown in Part 1, powder fragmentation is more efficient by the intermetallic route, as a result of the brittle nature of the intermetallic reactant used during mechanical alloying.
As shown in Fig. 6 , NiAl-1OW exhibits finer dispersoids (d = 55 nm) than the equivalent molybdenum-containing sample (d = 90 nm). Fig. 6 also shows some elongated dispersoids, similar to the flattened tungsten particles observed in Part 1 in the mechanically alloyed powders, which resulted from plastic deformation of the powder upon impact during milling. The smaller size and non-equilibrium shape of the tungsten dispersoids both indicate that they coarsened less than the molybdenum dispersoids during HIPing, possibly as a result of a lower diffusivity due to the higher melting point of tungsten. Indeed, Vedula et al. [ 1 l] found no measurable coarsening of tungsten in NiAl after annealing for 175 h at 1250 "C. Fig. 7 however shows that all tungsten dispersoids are equiaxed after HIPing at 1200 "C, indicating that significant diffusion took place at this temperature. Finally, Fig. 8 shows that the NiAl-30W sample contains dispersoids with a diameter comparable to that of NiAl-lOW, overlap did not allow a quantitative determination.
Zener's equation for the limiting grain size D of a matrix containing dispersoids of radius Y and volume fraction f predicts for NiAl-10Mo and NiAl-1OW grain sizes between 370 rmr and 600 mn, in rough agreement with grain sizes measured on TEM images ( Table 2) . The above estimates, together with the location of the dispersoids at grain boundaries, indicate that NiAl grains are pinned by the dispersoids, since grain growth is expected at 1000 "C, corresponding to a homologous temperature of 0.67 for NiAl. Locci et al. [lo] also found that, in NiAl-O.Sat.%W produced by rapid solidification, tungsten precipitates were effective at limiting the size of the grains after annealing at 1000 "C and 1300 "C; unalloyed NiAl however exhibited grain growth. Fig. 9 shows that significant strengthening results from the refractory dispersoids at room temperature, as expected from Orowan strengthening A.o for unshearable dispersoids
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where G is the single-crystal shear modulus, v is Poisson's ratio, b is the Burger's vector, M is the mean orientation factor, and d= (2/3)'/2d is the mean diameter of a circular section in a random plane for a sphere of diameter d. The dispersoid separation is L= d{ [n/(4V,) ]"*-1) for a cubic arrangement of spherical drspersoids of volume fraction l$ [22] . / Materials Science and Engineering Al 92/l 93 (1995) 195-203 Eq.
(2) predicts a yield stress increment Aa = 4 14 MPa for NiAl-10M0, large when compared to the yield strength of about 100 MPa for stoichiometric NiAl [23] . If the particles are sheared, a lower strengthening level is expected: TEM observation of deformed samples is however necessary to determine which mechanism is operational. We note that Hall-Petch strengthening is negligible for stoichiometric NiAl, Fig. 7 . TEM image of NiAl-1OW HIPed at 1200°C. Fig. 8 . TEM image of NiAl-30W HIPed at 1000 "C. since the Hall-Petch slope is near zero (as measured for grain sizes between 10 ym and 300 ,um [23]), but may further contribute to strengthening for off-stoichiometric compositions, for which the slope is positive [23]. Figs. 10(a) and 10(b) show that the refractorycontaining NiAl is harder than either unalloyed NiAl or the unalloyed refractory metal up to 700 "C, indicating that dispersion strengthening is effective at elevated temperatures as well. The hardness of the unalloyed Fig. 9 . Room-temperature Vickers microhardness as a function of refractory content for mechanically alloyed powders (metal route) HIPed at 1000 "C and 1200 "C. Crossed data point corresponds to sample fabricated from powders mechanically alloyed by the intermetallic route.
NiAl decreases gradually with increasing temperature. Since coarsening of the dispersoids is negligible at this temperature ( Table 2) , weakening of the matrix above about 500 "C, corresponding to the ductile-to-brittle transition temperature of NiAl [23, 24] , is probably responsible for the drop in hardness. The refractorycontaining materials thus consist of a ductile matrix containing ductile dispersoid, similar to y/y' nickelbase superalloys, which also exhibit strength and creep resistance superior to either of their phases. Figs. 9 and 10 also show that tungsten is more effective than molybdenum for strengthening NiAl. This may be due to the higher strength of tungsten (if the dispersoids are sheared upon deformation), or to the finer size of the tungsten dispersoids, Table 2 , (effective for dislocation bowing, Eq. (2)) as a result of better fragmentation during mechanical alloying, or lesser coarsening at elevated temperature. The hardness difference between the two systems is however small, and, in terms of density-compensated hardness (Table l) , molybdenum (p = 10.2 g cmm3) is more effective than tungsten (p = 19.3 g cm-3) for short-term strengthening of NM. Fig. 11 indicates that oxidation at 900 "C of the refractory-containing alloys decreases with time and is similar to that of unalloyed NiAl: after 4 h isothermal holding, the mass gain for all samples is only O. lO-0.19% . This is in contrast with the results reported in Part 1 for the oxidation of loose powders, for which rapid oxidation of the refractory phase was At (mln) Fig. 11 . Thermogravimetric curves for NiAl, NiAl-1OMo and NiAl-1OW isothermally oxidized at 900 "C in flowing air.
Oxidative stability
observed at this temperature, as a result of the high surface-to-volume ratio of the powders and the high oxidation tendency of both refractory metals. Powerlaw fitting of the curves in Fig. 11 gives exponents n= 0.59 for NiAl, IZ= 0.41 for NiAl-10Mo and n=OSO for NiAI-lOW, i.e. close to the value n=0.5 expected for parabolic growth behavior of the oxide. We conclude that the refractory phase in NiAl does not prevent the formation of the tenacious oxide layer [23] , which then protects the refractory from oxidation. We note that directionally solidified eutectics with a similar volume fraction of refractory-metal fibers are expected to be less oxidation-resistant, since, unlike the dispersoids in the alloys investigated in the present paper, continuous fibers form an uninterrupted path for oxidation. While preliminary in nature, these results indicate that these refractory-dispersion-strengthened alloys may be used at 900 "C without coatings, similarly to unalloyed NiAl alloys. fabricated by mechanical alloying: Dymek et al. [26] reported a significant increase in room-temperature compressive ductility as compared to cast, coarsegrained NiAl. They note that, owing to texture, the general requirements for polycrystalline ductility are met (five independent slip systems). Finally, the presence of stable, sub-micron grains and dispersoids opens the possibility of superplasticity in these materials [27] .
Alloy system
In summary, this paper is an exploratory study of novel refractory-dispersion-strengthened intermetallies. While the results presented above show encouraging strengthening levels and high oxidation resistance, further work is needed to assess other critical properties (e.g. tensile strength, ductility, toughness, creep-, fatigue-and corrosion-resistance, etc.) before these dispersion-strengthened a/P alloys can be considered for structural applications at elevated temperature.
The goal of the present investigation is to strengthen a low-density, oxidation-resistant, high-melting, intermetallic matrix (/I-NiAl) with a fine dispersion of thermodynamically stable refractory metal (~-MO or a-W) exhibiting high strength, high ductility and low coarsening kinetics at elevated temperature. The a/B structure ,emulates to a certain extent the r/r' Ni-N&Al combination found in nickel-base superalloys, with the important difference that the adispersoids are disordered, while the B-matrix is ordered. Three of the four a/j3 alloys exhibit significantly lower densities (Table 1 ) than typical r/r' superalloys (p = 8400 kg me3): NiAl-1OMo is 25% lighter, &Al-30Mo
and NiAl-1OW are 14% lighter, while NiAl-30W is 18% heavier. Density is a critical property in rotating components subjected to "centrifugal" stresses: a 9% decrease of density from 8650 kg mm3 to 7860 kg mm3 was calculated to lead to a 300% increase in life for a turbine disk [25] , all other properties being equal.
Conclusions
0 NiAl powders containing high volume fractions (10 vol.% or 30 vol.%) of finely dispersed refractory metals (molybdenum or tungsten), synthesized by reactive mechanical alloying of elemental powders, were consolidated by hot isostatic pressing at 1000 "C or 1200 "C. 0 Consolidated specimens exhibit a NiAl matrix with sub-micron grains pinned by discrete molybdenum or tungsten dispersoids with an average size between 5 5 run and 110 nm. The matrix and refractory-metal dispersoids exhibit no mutual solubility at room temperature, after exposure for 2 h at 1000 "C.
While refractory-metal dispersoids are not as light, insoluble and oxidation-resistant as ceramic dispersoids, they have the following advantages: ductility at or near room temperature (possibly increasing the toughness of the material, since molybdenum is not embrittled by NiAl [S]), ductility at high temperature (thus forming a_ ductile-ductile a//? system similar to the r/r' superalloys) and high thermal conductivity (which is important for cooled structures).
??Room-temperature hardness increases with increasing refractory-metal content, as a result of dispersion strengthening, and decreases with increasing processing temperature, as a result of coarsening of the refractory dispersoids. 0 Up to 700 "C, hardness for all refractory-containing samples is higher than either unalloyed NiAl or the respective unalloyed refractory metal, indicating that dispersion-strengthening is active at temperatures where both phases are ductile. A further effect of the high volume fraction of 0 Thermogravimetric experiments at 900 "C show dispersoids is the stabilization of sub-micron grains that the oxidation resistance of NiAl containing 10 ( Table 2) : as the grain size decreases, NiAl has been vol.% refractory-metal dispersoids is as good as that shown to exhibit improved ductility and toughness as of unalloyed NiAl: the NiAl matrix protects the well as lower brittle-to-ductile transition temperature oxidation-prone refractory-metal dispersion [23, 24] . This was recently confirmed for extruded NiAl because the refractory phase does not form a conwith sub-micron grains pinned by oxide dispersoids tinuous path in the matrix.
